ABSTRACT Mycobacterial pathogens use the ESAT-6 system 1 (Esx-1) exporter to promote virulence. Previously, we used gene disruption and complementation to conclude that the MMAR_0039 gene in Mycobacterium marinum is required to promote Esx-1 export. Here we applied molecular genetics, proteomics, and wholegenome sequencing to demonstrate that the MMAR_0039 gene is not required for Esx-1 secretion or virulence. These findings suggest that we initially observed an indirect mechanism of genetic complementation. We identified a spontaneous nonsense mutation in a known Esx-1-associated gene which causes a loss of Esx-1 activity. We show that the Esx-1 function was restored by nonsense suppression. Moreover, we identified a polar mutation in the ppsC gene which reduced cellular impermeability but did not impact cytotoxicity in macrophages. Our studies reveal insight into Esx-1 export, nonsense suppression, and cell envelope lipid biogenesis.
T
he Esx-1 exporter is a key virulence determinant for both mycobacterial and Gram-positive pathogens (1) (2) (3) . In mycobacterial pathogens, the secretion of Esx-1 protein substrates in the host macrophage promotes perforation of the phagosomal membrane and access of bacterial products to the cytoplasm (4) (5) (6) (7) (8) . Esx-1 likely functions to transport substrates across the mycobacterial cytoplasmic membrane (9) , yet several mycobacterial proteins are robustly secreted into bacteriological media in an Esx-1-dependent manner in vitro (2, 3, (10) (11) (12) (13) (14) (15) (16) , indicating that the proteins cross the mycomembrane via an unknown mechanism.
We previously reported a genetic screen designed to identify additional genes required for export in Mycobacterium marinum, a pathogenic mycobacterial species that is an established model for studying Esx-1-mediated export in Mycobacterium tuberculosis (17) (18) (19) . Disruption of the MMAR_0039 gene with a transposon (Tn) insertion resulted in an M. marinum strain which was phenotypically Esx-1 deficient and attenuated. Importantly, addition of an exogenous copy of MMAR_0039 to the Tn insertion strain restored the Esx-1-associated phenotypes. Based on this genetic complementation, we concluded that the MMAR_0039 gene was directly promoting Esx-1 export in M. marinum (17) .
In pathogenic mycobacteria, the assignment of genes encoding virulence factors using reverse genetics is complicated by the metastability of the phthiocerol dimycocerosate (PDIM) and phenolic glycolipid (PGL) biosynthetic genes (20) (21) (22) . PDIM and PGLs are abundant and complex cell wall-associated lipids that play roles in cell impermeability and virulence in pathogenic mycobacteria (23) (24) (25) (26) (27) . The spontaneous and frequent loss of PDIM has been widely reported in the literature during routine laboratory manipulation of Mycobacterium tuberculosis, the causative agent of human tuberculosis (20) (21) (22) .
Here we describe studies aimed at further understanding the observed Esx-1 deficiency in the MMAR_0039::Tn strain of M. marinum. Our previous findings suggested that MMAR_0039 promoted Esx-1 export directly; here we found that the MMAR_0039 gene was not required for Esx-1 secretion or mycobacterial virulence. Rather, our initial observations were due to a novel mechanism of complementation. We demonstrate that a spontaneous nonsense mutation in a known Esx-1-associated gene was responsible for the observed Esx-1-associated phenotypes and attenuation in the MMAR_0039::Tn strain. We rule out canonical mechanisms of nonsense suppression and suppression via aminoglycoside exposure. Our investigation also uncovered a mutation in a PDIM/PGL biosynthesis gene. Together our studies reveal novel roles for Esx-1 components, the characterization of new lipid-associated phenotypes, and a previously unknown mechanism of nonsense suppression.
RESULTS
The MMAR_0039 gene is not required for Esx-1-mediated export and virulence in M. marinum. To define how the MMAR_0039 gene promotes Esx-1 function, we generated an in-frame unmarked deletion of the MMAR_0039 gene in the M strain of M. marinum (see Fig. S1A in the supplemental material). We confirmed the deletion of the MMAR_0039 open reading frame (ORF) by PCR analysis (Fig. S1B ) and by DNA sequencing analysis.
Based on our previous data, we expected that the ΔMMAR_0039 M. marinum strain would be deficient for Esx-1-mediated export and virulence. The wild-type (WT) M strain of M. marinum lyses sheep red blood cells (sRBCs) in a contact-dependent, Esx-1-dependent manner. The hemolytic activity of M. marinum generally correlates with Esx-1 function (28, 29) . As shown in Fig. 1A , the WT strain lysed sRBCs, as indicated by an increase in the optical density at 405 nm (OD 405 ) similar to the sRBC lysis observed with the positive control (distilled H 2 O [dH 2 O] ). Both the ΔRD1 and MMAR_0039::Tn strains are Esx-1 deficient and exhibit reduced hemolytic activity similar to that of the negative control (phosphate-buffered saline [PBS] ). Contrary to our expectations, the ΔMMAR_0039 strain lysed sRBCs similarly to the WT strain.
We further tested the Esx-1 function in the ΔMMAR_0039 strain by measuring the secretion of the two major Esx-1 substrates, EsxA and EsxB, into the bacteriological medium in vitro. We grew the M. marinum strains in Sauton's defined medium and prepared whole-cell lysate (pellet [P] ) and culture filtrate (supernatant [S]) protein fractions. We measured the levels of protein production and secretion by Western blot analysis, as shown in Fig. 1B . WT M. marinum produced and secreted both EsxA and EsxB into the culture supernatant. The M. marinum strain bearing a Tn insertion in the eccCa 1 gene (where the "a" suffix indicates the part of the split gene and the subscript 1 refers to the esx-1 gene cluster), which is required for Esx-1-mediated export, produced but failed to secrete EsxA and EsxB (2, 3, 28, 30) . The ΔMMAR_0039 strain produced and secreted EsxA and EsxB into the bacteriological medium. Together, these data demonstrate that the Esx-1 export system in the ΔMMAR_0039 strain was functional, despite the loss of the MMAR_0039 gene.
Based on these data, we expected that the ΔMMAR_0039 strain would be virulent in an ex vivo amoeba model of infection. We infected monolayers of Acanthamoeba castellanii using the WT, ΔesxBA, MMAR_0039::Tn, and ΔMMAR_0039 M. marinum strains at a multiplicity of infection (MOI) of 10. We detected cytolysis of the monolayer at 24 h postinfection by staining the amoebae with ethidium homodimer 1 (EthD-1). EthD-1 is a nucleic acid stain that is not membrane permeant. In amoeba cells with permeabilized membranes, EthD-1 binds DNA and emits a red fluorescent signal. We previously showed that virulent M. marinum lyses amoebae (17, 31) . The images and resulting measurement of the EthD-1-stained amoebae are shown in Fig. 1C and D. Infection with WT M. marinum resulted in cytolysis of the amoebae and an increase in the fluorescent signal compared to that for the uninfected (mock-infected) monolayer. The attenuated ΔesxBA and MMAR_0039::Tn strains showed reduced amoeba cytolysis and a reduced fluorescent signal compared to those achieved with infection with the WT strain. The ΔMMAR_0039 strain elicited amoeba cytolysis that was not different from that elicited by the WT strain. These data demonstrate that the ΔMMAR_0039 M. marinum strain was virulent in the A. castellanii model of infection. Together, the results of the hemolysis, secretion, and virulence assays indicate that the MMAR_0039 gene was not required for Esx-1-mediated export and virulence in M. marinum, contrary to our interpretation of our initial findings.
A spontaneous mutation in the eccCb 1 gene is sufficient to promote Esx-1 deficiency in M. marinum. Although the addition of a single copy of the MMAR_0039 gene functionally complemented the Esx-1-deficient phenotypes in the MMAR_0039::Tn strain (17), we observed phenotypic differences between the MMAR_0039::Tn strain and the ΔMMAR_0039 strain (Fig. 1) . We therefore concluded that the Esx-1 deficiency observed in the MMAR_0039::Tn strain was not due to the loss of the MMAR_0039 gene.
We hypothesized that another mutation, unlinked from the transposon in the MMAR_0039::Tn strain, caused the observed Esx-1-deficient phenotypes. To test this hypothesis directly, we conducted whole-genome sequencing (WGS) of genomic DNA (gDNA) isolated from the WT strain, the MMAR_0039::Tn strain, and the MMAR_0039:: Tn/pMMAR_0039 strain (the MMAR_0039::Tn strain bearing an MMAR_0039 expression plasmid [pMMAR_0039] in which MMAR_0039 expression is driven by the mycobacterial optimal promoter). We identified several variants in our WT M strain compared to the reference strain (reference sequence, NCBI accession number NC_010612.1; NCBI accession number for the associated plasmid, NC_010604.1; Table S2 ). We then masked the variants in our WT strain to identify single nucleotide variations (SNVs) and insertions or deletions (indels) in the MMAR_0039::Tn and MMAR_0039::Tn/pM-MAR_0039 strains. Using this approach, we identified four potential SNVs/indels that were present in the MMAR_0039::Tn strain but that were not present in the parent M strain (Table S3) . Interestingly, we identified a C-to-T transition at nucleotide position 145 of 1,776 nucleotides in the eccCb 1 gene. The eccCb 1 gene encodes an AAA ATPase that is required for Esx-1 export in Mycobacterium (2, 3, 32) . The C-to-T transition resulted in an ochre (Oc; TAA) stop codon that should prematurely terminate the EccCb 1 protein following amino acid 48 of 591 amino acids ( Fig. 2A) . We confirmed the presence of the ochre mutation by amplifying the eccCb 1 gene from the MMAR_0039::Tn strain and performing DNA sequencing on the resulting product.
We hypothesized that the mutant allele of the eccCb 1 gene [eccCb 1 1(Oc) ] was causing the Esx-1 deficiency in the MMAR_0039::Tn strain. To test this hypothesis directly, we introduced a single-copy integrating plasmid constitutively expressing eccCb 1 into the att site of the MMAR_0039::Tn genome. If the eccCb 1 1(Oc) allele was responsible for the Esx-1-deficient phenotypes associated with the MMAR_0039::Tn strain, then expression of the wild-type eccCb 1 gene in the MMAR_0039::Tn strain would restore Esx-1 function. Indeed, exogenous expression of eccCb 1 was sufficient to restore both Esx-1-mediated hemolysis (Fig. 2B) and secretion of the EsxA and EsxB substrates into the culture supernatant in vitro (Fig. 2C) . Importantly, expression of the eccCb 1 1(Oc) allele in the MMAR_0039::Tn strain failed to restore Esx-1-mediated hemolysis or substrate secretion in vitro ( Fig. 2B and C) . Consistent with these findings, introduction of the pRD1-2F9 cosmid, which contains the esx-1 locus and surrounding genes from M. tuberculosis (kb 4337 to kb 4369; Rv3861 to Rv3886c) (30, 33) restored hemolytic activity to the MMAR_0039::Tn strain (Fig. S2) .
To definitively link the eccCb 1 1(Oc) allele with the Esx-1-deficient phenotypes observed in the MMAR_0039::Tn strain, we generated M. marinum strains bearing either a clean deletion of the eccCb 1 gene or the eccCb 1 1(Oc) allele. As shown in Fig. 2D , relative to the WT strain, strains bearing the ΔeccCb 1 or the eccCb 1 1(Oc) allele exhibited reduced hemolytic activity, similar to the negative control (PBS). Exogenous expression of the WT eccCb 1 allele but not the eccCb 1 1(Oc) allele in the eccCb 1 1(Oc) strain restored hemolysis. Together, these data demonstrate that the eccCb 1 1(Oc) allele was sufficient to promote Esx-1 deficiency in M. marinum.
Nonsense suppression promoted complementation of Esx-1-deficient phenotypes. Because the eccCb 1 1(Oc) allele was sufficient for Esx-1 deficiency, the mechanism underlying the functional complementation of the Esx-1 system in the MMAR_0039::Tn strain was not direct. We sought to define the mechanism of genetic complementation.
On the basis of whole-genome sequencing, the eccCb 1 1(Oc) allele was found to be present in the MMAR_0039::Tn/pMMAR_0039 strain. We confirmed this finding by amplifying the eccCb 1 gene from the MMAR_0039::Tn/pMMAR_0039 strain using PCR followed by DNA sequencing analysis (Table S4 ). We therefore hypothesized that nonsense suppression caused complementation by producing functional EccCb 1 in the MMAR_0039::Tn/pMMAR_0039 strain, restoring Esx-1 activity. To directly measure non-strain as the supA1 strain (suppressor strain, allele A, isolate 1) for the remainder of this article.
The mechanism of suppression is independent of MMAR_0039. One obvious distinction between the MMAR_0039::Tn and the supA1 strains was the expression of MMAR_0039. We sought to directly test if expression of MMAR_0039 could promote suppression of the eccCb 1 1(Oc) allele. To this end, we introduced the MMAR_0039 expression plasmid into the M. marinum strain bearing the eccCb 1 1(Oc) allele at the esx-1 locus [the eccCb 1 1(Oc)/pMMAR_0039 strain]. As shown in Fig. 4A , MMAR_0039 could not be detected in the wild-type, eccCb 1 1(Oc), or eccCb 1 1(Oc)/peccCb 1 strain. A band consistent with the recombinant MMAR_0039 protein was detected in both of the strains bearing the MMAR_0039 expression plasmid. We tested for suppression by measuring the restoration of hemolysis. We hypothesized that if MMAR_0039 expression was sufficient to promote suppression of the eccCb 1 1(Oc) allele, the eccCb 1 1(Oc)/ pMMAR_0039 strain would be hemolytic. As shown in Fig. 4B , the eccCb 1 1(Oc)/ pMMAR_0039 strain exhibited reduced hemolytic activity compared to the WT strain, similar to the negative control (PBS) and the eccCb 1 1(Oc)/peccCb 1 1(Oc) strain. These data indicate that expression of MMAR_0039 was not sufficient to restore hemolytic activity.
In a complementary approach, we tested if expression of the MMAR_0039 gene generally promotes nonsense suppression. We developed a stop codon readthrough reporter using lacZ. We changed the 18th codon (CAA, which normally encodes a Q) to an ochre, opal (Op; UGA), or amber (Am; UAG) stop codon (Fig. 4C) . However, we were unable to test this in the supA1 strain directly. The supA1 strain is already resistant to both hygromycin (Hyg) and kanamycin (Kan), and we do not have vectors which provide resistance to additional antibiotics. Instead, we generated a strain diploid for MMAR_0039 by introducing a second copy of the MMAR_0039 gene into the att site of the WT strain (M/pMMAR_0039). We confirmed that the MMAR_0039 protein was overexpressed in the diploid strain using Western blot analysis (Fig. 4D) . We introduced the lacZ reporter constructs [WT, lacZ(Am), lacZ(Op), and lacZ(Oc)] into the WT, ΔMMAR_0039, and MMAR_0039 diploid strains and measured the ␤-galactosidase activity. Although we detected significant ␤-galactosidase activity from the strains expressing the WT lacZ gene, we did not detect activity from the strains expressing lacZ genes bearing stop codons (for which the ␤-galactosidase activity was 0.1 to 0.3% of the WT activity) or the empty vector alone (Fig. 4E ). These findings indicate that overexpression of the MMAR_0039 gene was not sufficient to promote the readthrough of premature stop codons in the context of the lacZ gene. Together, these data indicate that expression of MMAR_0039 is not sufficient to promote nonsense suppression. Tryptic peptides shaded black were identified following digestion of whole-cell lysate protein preparations followed by LC-MS/MS analysis. Peptide regions shaded gray were not identified in our analysis. The arrow indicates Q49, the site of the premature stop codon in the MMAR_0039::Tn and theMMAR_0039::Tn/pMMAR_0039 strains. The EccCb 1 protein was not detected in the MMAR_0039::Tn strain. Proteins were normalized by concentration and to the levels of the GroEL2 protein as described previously (14) .
The mechanism of nonsense suppression is noncanonical. Because overexpression of the MMAR_0039 gene was not sufficient to promote stop codon readthrough, we sought to identify additional mutations in the suppressor strain. Previously reported mechanisms of suppression, including mutations in the anticodon regions of tRNA genes, genes encoding release factors, and genes encoding ribosomal proteins, were ruled out using whole-genome sequencing (34) (35) (36) (37) . We identified three SNVs/indels in the genomic DNA that were unique to the supA1 strain (Table 1) . First, we identified a G-to-T transversion at the 58th nucleotide of the MMAR_4239 gene. Second, we identified a 13-bp insertion at the 4,869th nucleotide of the ppsC gene. Finally, we Table S4 . We confirmed the change in the MMAR_4239 gene in the genome of the supA1 strain. In contrast to the results of whole-genome sequencing, PCR amplification following by directed sequencing revealed a mixed population beginning at the site of the 13-bp insertion in the ppsC gene. We isolated genomic DNA, repeated the sequencing on 3 biological replicates, and observed the insertion in the chromatogram in each case (Fig. S3) . Using this approach, we found no changes in the idsB2 gene (Table S4 ). None of the variations that we confirmed in the suppressor strain provided a characterized mechanism of nonsense suppression.
To further characterize the observed nonsense suppression, we sought to determine if the ochre suppression that we observed in the eccCb 1 gene was context specific. To this end, we sought to test if stop codons used in the proper context of termination were suppressed in the suppressor strain. We generated a protein database in which we replaced each stop codon with a Q residue and translated the subsequent 150 bp (normally the untranslated region [UTR]). In this way, we created a virtual genome in which every gene product was extended by 50 amino acids.
Using this database, we searched our existing proteomics LC-MS/MS data from the WT and the suppressor strains. If generalized readthrough of stop codons was occurring in the suppressor, we would detect peptides originating from translation of the region 150 bp downstream from the stop codon (e.g., translation of the 3= UTR). Moreover, as a positive control, for genes which have less than 150 bp between them, we expected to detect peptides from the fusion proteins even in the absence of stop codon readthrough. For example, esxB and esxA, which are operonic, have an intergenic region of 36 bp. As such, for the N-terminal peptide of EsxA, we would expect our database to identify it twice, once as the canonical N terminus of EsxA and once as the C terminus of EsxB plus the 50-amino-acid entry. While EsxA peptides were assigned as expected, we did not detect any novel readthrough events from canonical stop codons in either the WT or the suppressor strains using our proteomics data set that contained approximately 2,000 protein identifications at a 1% false discovery rate (FDR) (38) . We expanded the allowable readthrough codons to incorporate amino acid substitutions for all 19 remaining amino acids and repeated the proteomics database search. The results were identical; no readthrough of canonical stop codons was detected in this data set. We conclude that readthrough via this mechanism was not widespread or abundant and the observed suppression was likely context dependent.
Finally, we routinely maintained strains bearing the pMMAR_0039 plasmid in medium containing hygromycin because the plasmid bears the hygromycin resistance gene. Hygromycin is an aminoglycoside antibiotic which interacts directly with the 16S rRNA and promotes mistranslation through the misincorporation of amino acids into proteins and eventual translational arrest (39) (40) (41) . Therefore, we tested if the addition of hygromycin affected the observed suppression of the eccCb 1 1(Oc) allele.
We monitored the hemolytic activity of the supA1 strain in the presence and absence of hygromycin as an indicator of suppression. If hygromycin alone promoted suppression, we would predict that cultures grown in the absence of the drug would have Esx-1 deficiency and decreased hemolysis, similar to the findings for the MMAR_0039::Tn strain. The results of this experiment are shown in Fig. 5 . The absence of hygromycin did not reduce the hemolysis levels of the supA1 strain to that of the Esx-1-deficient MMAR_0039::Tn parent strain. We observed an extremely significant difference in hemolytic activity between the MMAR_0039::Tn and supA1 strains grown in the presence or absence of hygromycin. The hemolytic activity of the supA1 strain in the presence and absence of hygromycin was not significantly different. Moreover, the supA1 strain secreted EsxA and EsxB into the culture supernatant and was cytotoxic in a macrophage model of infection in the absence of hygromycin ( Fig. 2C and S4 ) (17) . From these data we conclude that the presence of hygromycin was not sufficient for suppression. An insertion in the ppsC gene reduces gene expression and PDIM/PGL production. To further characterize the suppression, we isolated a second suppressor strain (the MMAR_0039::Tn/pMMAR_0039 supA2 strain) from an independent transformation of the MMAR_0039 expression plasmid into the MMAR_0039::Tn strain. The supA2 strain was hemolytic, secreted EsxA and EsxB into the culture supernatant, and was cytotoxic in a macrophage model of infection (Fig. S4 ). We used PCR amplification followed by Sanger sequencing to test if the SNVs/indels present in the supA1 strain were conserved in the supA2 strain. As shown in Table S4 , we found that the genome of the supA2 strain shared one unique variation with the original suppressor strain, the 13-bp insertion in the ppsC gene. Moreover, the resulting DNA sequencing chromatogram clearly confirmed a pure population with respect to the ppsC insertion (Fig. S3 ). Because this SNP was conserved between the suppressor strains, we sought to characterize it further.
ppsC is in a conserved 10-gene operon (fadD25-papA5 [the pps operon]) which encodes enzymes required for the biosynthesis of PDIM and PGLs in Mycobacterium (Fig. 6A ). The pps operon encodes a multisubunit polyketide synthase (Pks) which promotes the formation of phenolphthiocerols and phthiocerols. When these moieties are esterified and combined with mycocerosic or phthioceranic acids, PGLs and PDIMs are produced. PGLs and PDIMs contribute to mycobacterial virulence and cell impermeability (23-26, 42, 43) . The loss of function of PDIM biosynthetic genes occurs frequently during the in vitro growth of M. tuberculosis, causing permeabilization and attenuation (22) . Because both of the suppressor strains carried the mutation in ppsC, we sought to further characterize pps gene expression, cell permeability, and lipid production.
On the basis of the position of the insertion, we expected that the insertion would be polar on the expression of the genes downstream of ppsC in the pps operon Significance was determined using an ordinary one-way ANOVA (P Ͻ 0.0001) followed by Tukey's multiple-comparison test. The differences in hemolysis between the supA1 strain grown with and without hygromycin are not significant (ns).
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Infection and Immunity Significance was determined using an ordinary one-way ANOVA test followed by Dunnett's multiple-comparison test. For ppsA/sigA, the differences between the data were not significant (ANOVA, P ϭ 0.8175). For ppsE/sigA, the P value for the difference between the data determined by ANOVA was 0.0017. The differences between the results for the WT and supA2 strains were significantly different (**, P Յ 0.01). For drrB and sigA, the P value for the difference between the data determined by ANOVA was Յ0.0001. The expression of the drrB gene was significantly different between the WT and the (Continued on next page) (ppsD-papA5). Using quantitative reverse transcription-PCR (qRT-PCR), we found that the level of expression of the ppsE gene was reduced in the supA1 strain and significantly reduced in the supA2 strain compared to that in the WT strain ( Fig. 6B ; analysis of variance [ANOVA], P ϭ 0.0017). The level of expression of the drrB gene was significantly decreased in both the supA1 and supA2 strains compared to that in the WT strain ( Fig. 6B ; ANOVA, P Յ 0.0001). The level of expression of the ppsE and drrB genes in the MMAR_0039::Tn strain was not significantly different from that in the WT strain.
To determine if the insertion in ppsC impacted transcript initiation or the stability of the pps operon, we used qRT-PCR to measure changes in ppsA expression. We found that expression of the ppsA gene was not significantly different across the strains tested (Fig.  6B ). These findings demonstrate that the insertion in the ppsC gene was polar on the expression of the downstream genes. The loss of PDIMs and PGLs has previously been shown to increase the permeability of the mycobacterial cell wall, including the cell walls of both M. tuberculosis and M. marinum (24, 27) . To test if the suppressor strains bearing the ppsC frameshift allele had altered cell wall impermeability, we conducted an ethidium bromide (EtBr) uptake assay. Previously, this assay was used to demonstrate that deletions in genes in the PDIM/PGL biosynthetic locus in M. marinum led to a 2 to 2.5% increase in EtBr uptake due to increased permeability (27) . The data from the uptake assay are shown in Fig. 6C . The MMAR_0039::Tn strain exhibited levels of uptake of EtBr similar to those exhibited by the WT strain. The mas::Tn strain bears a transposon in the mas gene (Fig. 6A) , which is required for the production of both PDIMs and PGLs in pathogenic mycobacteria (23, 25, 44, 45) . The mas::Tn strain exhibited a 17-fold increase in the level of EtBr uptake compared to the WT strain. The suppressor strains exhibited 2.8-fold (supA1) and 7.7-fold (supA2) increases in the levels of EtBr uptake compared to the WT strain. These data indicate that cell wall permeability was increased in both suppressor strains.
PpsC is a part of a modular Pks required for head group production of PDIMs and PGLs. Based on the site of the insertion, we expected that the terminal three modules of PpsC would be affected. The insertion should result in nonsense with a premature stop codon within PpsC. Interestingly, the insertion should not impact the frame of the downstream genes in the operon, on the basis of the sequence in the MycoBrowser portal (46) . Therefore, we sought to determine how the ppsC insertion impacted the production of PDIMs and PGLs in the suppressor strain.
To this end, we prepared total lipid samples from the WT, supA1, supA2, and mas::Tn strains. We analyzed PDIM and PGL production using thin-layer chromatography (TLC). Our results for PDIM visualization are shown in Fig. 6D . As a positive control, we loaded purified PDIM from M. tuberculosis H37Rv, which resolved into two bands. Likewise, we saw two bands representing PDIM in the lipid preparations from both the WT and supA1 strains. The levels of PDIM in the supA1 strain appeared to be reduced compared to those in the WT strain. We observed only the lower PDIM band in the supA2 strain. The two PDIM bands were absent from the mas::Tn strains, as expected. Moreover, there appeared to be increased triacylglycerol (TAG) accumulation in the supA1 strain compared with that in the WT strain, and there was more clearly increased TAG accumulation in the supA2 strain compared with that in the WT strain, which is consistent with the presence of a reduced amount of PDIM. PGL was visualized by TLC (Fig. 6E) . As expected, the mas::Tn strain was deficient for PGL. We observed bands for PGL in both the WT and suppressor strains, although the amount of PGL in the supA1 strain appeared to be diminished compared to that in the WT strain. Finally, we were unable to detect PGL in the supA2 strain using this approach. Taken together, these data indicate that we have identified two permeabilized strains in which PDIM biosynthesis genes are downregulated, and both PDIM and PGL production appear to be reduced. Moreover, the phenotypes are stronger in the supA2 strain, which represents a pure population with respect to the ppsC insertion.
DISCUSSION
Here, we identified a nonsense mutation in a known Esx-1-associated gene that is suppressible by a new mechanism. This conclusion is based upon the following experimental evidence. First, we demonstrated that a spontaneous premature stop codon in the eccCb 1 gene led to a loss of Esx-1 function in the MMAR_0039::Tn strain. Next, we showed that nonsense suppression of the eccCb 1 1(Oc) allele occurred in the supA1 strain, restoring a functional EccCb 1 protein. Third, using WGS, we found no mutations in genes known to cause nonsense suppression. Fourth, overexpression of MMAR_0039 was not sufficient to promote suppression. Fifth, suppression was context specific. Finally, we demonstrated that exposure to hygromycin was not sufficient to explain the levels of suppression observed in the complemented strain.
We do not understand all of the molecular details underlying suppression of the eccCb 1 1(Oc) allele. Like other aminoglycoside antibiotics, hygromycin promotes misreading/mistranslation of the mRNA message and eventual ribosomal inhibition in sensitive cells (39) (40) (41) . Our data indicate that exposure to hygromycin did not significantly contribute to suppression of the eccCb 1 1(Oc) allele. The suppressor strains had functional Esx-1 exporters in the absence of hygromycin. These data suggest that there is something unique to the suppressor strains that promoted the production of EccCb 1 , despite the presence of the ochre mutation. Indeed, we identified several additional transposon insertion strains bearing the eccCb 1 1(Oc) allele (see below). We were unable to isolate suppressors in these backgrounds (data not shown). We identified one variation that was conserved in the genomes of both suppressor strains, an insertion in ppsC. Based on our current data, we cannot link the presence of the ppsC mutation to suppression. However, it is formally possible that this mutation promoted readthrough of the eccCb 1 1(Oc) allele in the suppressor strains. This will be the topic of future investigation.
Historically, the suppression of ochre mutations has been reported to be incomplete or leaky (34, 36, 47) . Suppression of the eccCb 1 1(Oc) allele is also incomplete. This claim is supported by our previous studies in which we demonstrated partial restoration of Esx-1 substrates in the supernatant fraction generated from the suppressor strain. Indeed, the secretion of Esx-1 substrates in the supernatants generated from the suppressor strain was restored to between ϳ7 and 35% of the level for the parental M strain (17) . Because the restoration of Esx-1 was due to suppression of the ochre mutation in eccCb 1 , we can conclude that the suppression was incomplete. Finally, the efficiency of suppression depends not only on the suppressor but also on the context of the nonsense mutation (47) . The premature stop codon in eccCb 1 may have been particularly sensitive to suppression because TAA is the least abundant stop codon in Mycobacterium and is likely contextually poor for termination (48) . We saw no evidence of generalized readthrough of ochre codons using proteomics, further indicating that termination within the eccCb 1 gene differs from termination at the end of a gene.
The eccCb 1 1(Oc) allele provides novel insight into the Esx-1 system. We previously reported that MMAR_0039 mediated the homeostasis of the N-terminal acetylation of EsxA. On the basis of our findings presented here, EccCb 1 or, more generally, compo-nents of the Esx-1 system may directly impact the acetylation status of EsxA through an unknown mechanism. The role of MMAR_0039, which has no obvious ortholog in M. tuberculosis, remains unknown.
We identified the MMAR_0039::Tn strain from an M. marinum transposon insertion library maintained in the Champion laboratory (17, 49) . In our screening thus far, we have detected the eccCb 1 1(Oc) allele in approximately 1% of the strains in our transposon insertion library (unpublished findings). In addition to this study, we reported a transposon insertion between the MMAR_1663 and MMAR_1664 genes (MMAR_1663:: Tn::MMAR_1664) that impacted Esx-1 function. We were able to complement the loss of Esx-1-mediated virulence by restoring the export of EsxA to the mycobacterial cell surface by complementation with the region from MMAR_1663 to MMAR_1668 (50) . We have since found that the MMAR_1663::Tn::MMAR_1664 strain bears the eccCb 1 1(Oc) allele and are currently investigating how these loci interacted to achieve complementation. It is possible that the parental strain of M. marinum that we used to build our transposon insertion library was a mixed population of WT and eccCb 1 1(Oc) strains.
Alternatively, during library generation we may have inadvertently selected against retention of the Esx-1 system. It has been suggested that there is a strong selection against PDIM production during in vitro manipulation of M. tuberculosis. The underlying idea is that replication, transcription, and translation of the large genomic region, including PDIM biosynthetic genes (ϳ50 kb), as well as the synthesis and transport of PDIM to the cell surface, are energetically expensive (22, 51) . Using the loss of PDIM as a model, it is possible that maintaining the Esx-1 system in vitro incurs a high energetic cost. This is supported most famously in the generation of the Mycobacterium bovis BCG vaccine strain (52) . Serial passage of Mycobacterium bovis resulted in the deletion of several genomic regions, including the RD1 region, which encodes several Esx-1 components and substrates (1, 33) . Moreover, subculturing of the H37Rv strain of M. tuberculosis resulted in the H37Rv (virulent) and H37Ra (attenuated) strains (53) . One of the factors contributing to the attenuation of the H37Ra strain is a point mutation in the PhoP response regulator, which regulates several virulence-related pathways, including Esx-1 export. Accordingly, Esx-1 export is reduced in the H37Ra strain (54) (55) (56) (57) (58) . It was recently reported that H37R strain derivatives of M. tuberculosis bear a single nucleotide polymorphism in the promoter region of whiB6 that is not found in clinical isolates. WhiB6 is a transcription factor that regulates the transcription of several esx-1-associated genes. Consequently, the PhoP response regulator upregulates whiB6 expression in clinical strains but downregulates whiB6 expression in the H37R derivatives, leading to divergent levels of EsxA (59) . However, this is the first report, to our knowledge, of a spontaneous mutation in a nonregulatory component of the Esx-1 system during routine laboratory manipulation.
A pair of studies by the McKinney group (21, 60) described a scenario strikingly similar to the one that we describe here. The group initially identified several transposon insertion strains of M. tuberculosis that were attenuated in both IFN-␥ Ϫ/Ϫ and NOS2 Ϫ/Ϫ mice. In the absence of complementation, the attenuated phenotypes of these strains were initially linked to the genes disrupted by the transposon insertion. They later found that directed deletion of the target genes resulted in M. tuberculosis strains that were virulent (21, 61) . The McKinney group demonstrated that the parental stock of M. tuberculosis in the laboratory that was used to build the library contained both PDIM-positive and PDIM-negative cells (21) . They demonstrated that the loss of PDIM and not the disruption of the target genes caused attenuation (21) . It is well established that the H37Rv strain of M. tuberculosis loses the ability to make PDIM at a high frequency both in vitro and in vivo (22, 62, 63) . In vitro, spontaneous PDIM mutations in M. tuberculosis have been reported to occur at an average frequency of 74%, even while passage in vitro was kept to a minimum (22) . Indeed, it is very likely that some of the attenuating mutations described in the literature are actually due to the spontaneous loss of PDIM, rather than the targeted gene of interest (21, 22) . To extend these findings, we propose that attenuating mutations in mycobacterial strains may not be restricted to mutations that result in a loss of PDIM. Rather, spontaneous loss-of-function mutations in other virulence pathways, including the Esx-1 system, may occur and affect complementation.
Previous studies have reported several mechanisms of PDIM loss in M. tuberculosis, including spontaneous point mutation, deletion, and decreased expression of pps genes (21, 22) . Descriptions of spontaneous mutations in PDIM biosynthetic genes which alter but do not abrogate PDIM production are lacking in the literature. Domenech and Reed identified several strains which produced reduced levels of PDIM. However, it was unclear if these strains produced less PDIM or were representative of a mixed population of PDIM-negative and -positive cells (22) . Here, a 13-bp insertion resulted in a frameshift in ppsC. The mutation was polar, resulting in decreased expression of the genes downstream of ppsC in the pps operon. Moreover, the insertion likely directly affected the function of PpsC by disrupting the last three predicted domains of the enzyme.
The mycobacterial cell envelope serves as an impermeable barrier which contributes to the high levels of resistance to drugs and likely protects the bacteria against environmental assaults within the host (24, 64) . PDIM directly contributes to the impermeable nature of the envelope (24) . The loss of PDIM in both M. tuberculosis and M. marinum results in increased envelope fluidity and permeability (24, 27, 42) . The observed permeabilization of the suppressor strains may be driven by the reduced levels of PDIM and PGL.
Our findings indicate that for pathogenic mycobacteria, it is clear that attenuation can arise through spontaneous mutation of virulence pathways, including PDIM/PGL and Esx-1. Genetic complementation remains the "gold standard" for assigning functions to genes of interest. Here we define nonsense suppression to be a noncanonical mechanism of genetic complementation in M. marinum. Our findings emphasize that the mechanism of complementation has a direct impact on how functional assignments are made to genes of interest. However, our findings also reveal novel biology related to the mechanisms underlying Esx-1 export and nonsense suppression, which will be the subject of future investigation.
MATERIALS AND METHODS
Mycobacterial strains and growth conditions. All of the M. marinum strains used in this study (which are listed in Table S1 in the supplemental material) were derived from the M strain (ATCC BAA-535). M. marinum strains were grown in Middlebrook 7H9 defined liquid broth (Sigma-Aldrich, St. Louis, MO) with 0.005% glycerol and 0.1% Tween 80 (Fisher Scientific, Pittsburgh, PA) or on Middlebrook 7H11 defined agar (Sigma-Aldrich) as described previously (14) . When necessary, mycobacterial strains were supplemented with kanamycin (20 g/ml; IBI Scientific, Peosta, IA) or hygromycin (50 g/ml; EMD Millipore, Billerica, CA). We adhere to the nomenclature rules for Esx-1-associated genes proposed by Bitter et al. (65) . Briefly, genes for Esx conserved components are indicated by ecc. Genes for Esx secretion-associated proteins are indicated by esp. A subscript 1 indicates that the genes are in the esx-1 locus. Unless indicated otherwise, the genes in this study are from M. marinum. The allele of eccCb 1 bearing the premature stop codon was named eccCb 1 1(Oc), according to the nomenclature rules for Escherichia coli (http://cgsc.biology.yale.edu/CGSCDocs/nomenclature.pdf). Briefly, the allele number is 1, as this is the first isolated allele of the eccCb 1 gene. Oc represents the ochre phenotype.
Strain construction. All plasmids were prepared using an AccuPrep plasmid miniprep DNA extraction kit (Bioneer, Alameda, CA). The plasmids used in this study are listed in Table S1 . All oligonucleotide primers used in this study were synthesized by Integrated DNA Technologies (IDT; Coralville, IA). All PCR purifications were performed using an AccuPrep PCR purification kit (Bioneer). M. marinum genomic DNA was prepared as described previously (2) . E. coli strains were grown in Luria-Bertani (LB; Amresco, Solon, OH) broth or on LB agar, and the cultures were supplemented with kanamycin (50 g/ml) or hygromycin (200 g/ml) when necessary. The identity of each resulting plasmid was confirmed by DNA sequencing analysis at the Genomics and Bioinformatics Core Facility at the University of Notre Dame.
Construction of the M. marinum ⌬MMAR_0039 mutant strain. The genomic regions flanking the predicted MMAR_0039 gene, as annotated in the MycoBrowser portal (46) , were amplified by PCR using M. marinum M strain genomic DNA, which was extracted as previously described (49) . The 1.5 kb upstream of MMAR_0039, including the predicted MMAR_0039 start codon, was amplified using the oligonucleotide primers ofm86 (5=-AGGAAGCTTTGATGTCCAACCCTTGCGCC-3=) and ofm89 (5=-AGGCTTA AGGCGCCCCAACATCGAGGAGCCTGAGCGGTCCCGTTACATCGATGGTCCTCTCGGTT-3=). The 1.5 kb downstream of MMAR_0039, including the predicted MMAR_0039 stop codon, was amplified using the oligonucleotide primers ofm88 (5=-AGGCTTAAGTAACGGGACCGCTCAGGCGTCCTCGATGTTGGGGCGCGGG-3=) and ofm87 (5=-AGGAAGCTTCTGTAGCGGCAGACACGTGT-3=). The resulting PCR products were fused together using 1 l of each of the upstream and downstream amplicons as the templates for a PCR with the ofm86 and ofm87 primers. The resulting fused PCR product was purified and digested with the HindIII restriction enzyme (New England BioLabs [NEB], Ipswich, MA) according to the manufacturer's instructions. The p1NIL plasmid, a gift from Tanya Parish (Addgene plasmid number 20187) (66) , was linearized via digestion with the HindIII restriction enzyme. The digested vector and PCR product were ligated using T4 ligase (NEB), and the ligation mixture was introduced into Escherichia coli DH5␣. The resulting colonies bearing the p1NIL plasmid with the MMAR_0039 flanking regions from the M. marinum genome were selected on LB agar supplemented with kanamycin. The sequence of the resulting p1NIL-ΔMMAR_0039 plasmid was confirmed by DNA sequencing analysis using the T7 sequencing primer (5=-TAATACGACTCACTATAGGG-3=).
The final suicide vector used for allelic exchange was constructed using the p1NIL-ΔMMAR_0039 and pGOAL19 vectors as described by Parish and Stoker (66) . pGOAL19 was a gift from Tanya Parish (Addgene plasmid number 20190) (66) . The pGOAL19 cassette was introduced into the p1NIL-ΔMMAR_0039 plasmid as described by Parish and Stoker (66) . The presence of the pGOAL19 cassette in the p1NIL-ΔMMAR_0039 construct was confirmed by restriction digestion.
The ΔMMAR_0039 M. marinum strain was built using the gene replacement method described by Parish and Stoker with the following changes (66) . Two micrograms of the resulting MMAR_0039 suicide plasmid DNA (above) was treated with 100 mJ UV light cm Ϫ2 (model CL-1000 UV cross-linker; UVP, Upland, CA) and introduced by electroporation into WT M. marinum competent cells as previously described (49) . Colonies that were phenotypically Lac ϩ (blue colonies), which indicated that the suicide plasmid integrated into the M. marinum genome, were selected on 7H11 supplemented with oleic acid-albumin-dextrose-catalase (OADC; BD BBL, Franklin Lakes, NJ), kanamycin, hygromycin, and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; Research Products International, Mt. Prospect, IL) at 70 g/ml in N,N-dimethylformamide (J. T. Baker, Center Valley, PA). Blue colonies were streak purified on the same agar and then cultured in 7H9 medium without antibiotics to promote resolution of the merodiploid. The liquid culture (100 l) was spread into Middlebrook 7H11 agar supplemented with OADC, 2% sucrose, and X-Gal for the isolation of single colonies. White colonies, which were sucrose resistant, indicating resolution of the merodiploid, were streak purified on the same agar. Genomic DNA was isolated from the white colonies as previously described (49) . The M. marinum genome was screened for the loss of the MMAR_0039 open reading frame by PCR using the internal oligonucleotide primers ofm19 (5=-AGGCGGGCAAGTACACGAT-3=) and ofm20 (5=-TTGCAGGGCTTCCTCCAC-3=) and external oligonucleotide primers opc242 (5=-GCGTTAACGGGTGTCTATGGGCATCAG-3=) and opc243 (5=-GCTACGTACAG AATTCAGGAGTCCAGCATGAGCAACCTGGAAACC-3=), specific for the regions flanking the MMAR_0039 gene (17) . The rrs (MMAR_5519) gene was used as a control for the PCR. rrs was amplified using the oligonucleotide primers 16S-for (5=-GAAAGTCGGTAACACCCGAA-3=) and 16S-rev (5=-CCGGTACGGCTACC TTGTTA-3=).
Construction of the ⌬eccCb 1 and eccCb 1 1(Oc) strains. The genomic regions flanking M. marinum eccCb 1 (MMAR_5446) were amplified by PCR using M. marinum M strain genomic DNA. The 1.3 kb upstream of eccCb 1 , including the predicted eccCb 1 start codon, was amplified using the oligonucleotide primers orb63 (5=-TGGTGTCACGCTCGTGGTAATCACGCTGGGCAACC-3=) and orb64 (5=-CATGAGCGCCGCT CCCTTTC-3=). The 1.6 kb downstream of eccCb 1 , including the last 3 amino acids and stop codon, was amplified using the oligonucleotide primers orb51 (5=-GCAGTCAGGCACCGTTCGTCATCCCAGTCGTCTTC-3=) and orb65 (5=-GGAGCGGCGCTCATGAGCCCCGGTTAGGATTATTTC-3=). The p2NIL plasmid was a gift from Tanya Parish (Addgene plasmid number 20188) (66) . The p2NIL plasmid was amplified using primers ors116 (5=-ACGAGCGTGACACCACGATG-3=) and ors117 (5=-ACGGTGCCTGACTGCGTTAG-3=). The p2NIL PCR product was treated with DpnI (NEB) and then mixed with the upstream and downstream PCR products in a ratio of 2:4:7 using the FastCloning approach (67) . The mixture was introduced into E. coli DH5␣, and colonies were selected on LB agar supplemented with kanamycin. The resulting p2NIL-ΔeccCb 1 plasmid was confirmed by digestion and DNA sequencing analysis using the primers pNILFwdPstI (5=-TGCCGGGAAGCTAGAGTAAG-3=) and p2NILRev (5=-TTGCGCTGCCCGGATTACAG-3=). To create the final suicide vector for allelic exchange, the pGOAL19 cassette was introduced into the p2NIL-ΔeccCb 1 plasmid as described above, and its integration was confirmed by restriction digestion.
The ΔeccCb 1 M. marinum strain was built as described above. Integration of the plasmid in the merodiploid strain was confirmed using primers orb72 (5=-ATCCACGACTGCCCGAAAC-3=) and orb73 (5=-CGAGCGTTGCCGCTCAATAG-3=). White colonies, which were sucrose resistant, indicating resolution of the merodiploid, were selected and grown in 7H9 medium supplemented with 0.1% Tween 80. Genomic DNA was isolated from the white colonies as previously described (49) . The M. marinum genome was screened for the loss of the eccCb 1 open reading frame by PCR and sequenced using the primers orb72 and orb73.
The eccCb 1 1(Oc) knock-in strain was created in a fashion similar to that described above. eccCb 1 with up-and downstream regions was amplified using primers orb51 and orb63 from cya::Tn gDNA, which has the eccCb 1 1(Oc) allele. The cya::Tn strain was isolated from the Champion laboratory transposon mutagenesis library and characterized as previously reported (49) . p2NIL was amplified using primers ors116 and ors117 and treated with DpnI, as described above. The p2NIL PCR product and eccCb 1 PCR product were mixed in a 1:3 ratio and introduced into strain DH5␣. Colonies were selected on LB agar supplemented with kanamycin. The resulting p2NIL-eccCb 1 1(Oc) plasmid was confirmed by digestion and DNA sequencing analysis using the primers pNILFwdPstI, p2NILRev, and opc211 (5=-TTGCAGATCCGCG AGTTCAC-3=). The pGOAL cassette was introduced as described above. The knock-in strain was generated by introducing 2 g of the resulting eccCb 1 1(Oc) suicide plasmid into the ΔeccCb 1 M. marinum strain. White colonies were checked for the presence of eccCb 1 using primers orb72 and orb73. The integration of the eccCb 1 1(Oc) allele was confirmed by sequencing this PCR product using primers opc211 and opc214 (5=-AGCGTTGCCGCTCAATAGTG-3=).
Verification of MMAR_0039 expression. Strains overexpressing MMAR_0039 were built by introducing the pMMAR_0039 plasmid into the appropriate strain via electroporation exactly as described previously (17) . Overexpression of MMAR_0039 was confirmed by Western blot analysis using 20 g of lysate as described previously (49) , with the following changes. The cell lysates were separated on a bis-Tris (Millipore) 16% polyacrylamide (Amresco) gel with low-molecular-weight buffer ( ). MMAR_0039 was detected using an antibody generated against MMAR_0039 (1:2,000, epitope VTVLDKHPEYDEIT; GenScript, Piscataway, NJ).
The positive control for the antibody was recombinant MMAR_0039 purified from E. coli as follows. MMAR_0039 was amplified from M. marinum M genomic DNA using the oligonucleotide primers omf035 (5=-ATCTTTATTTTCAAGGAATGACTGCCGACAGGACCG-3=) and omf036 (5=-TTAGCAGCCGGATCTCAAACGG GGTCGGTGATCTCGT-3=) for cloning by the FastCloning approach into pET28 (Novagen) with an N-terminal His-myelin basic protein (MBP) dual-affinity tag (68) . pET28 was amplified using the oligonucleotide primers omf033 (5=-TCCTTGAAAATAAAGATTTTCGGATCCGGATTGGAAGTACAGG-3=) and omf034 (5=-TGAGATCCGGCTGCTAACAAAG-3=). A sequence encoding a tobacco etch virus (TEV) protease recognition site was included, giving a sequence of His-MBP-ENLYFQ=G-ORF, with the cleavage site being denoted as a prime. The amplified vector was treated with DpnI (NEB). The vector and insert were mixed at a ratio of 1:4 and introduced into E. coli TOP10 cells (Invitrogen), and the cells were plated for selection on LB agar supplemented with kanamycin. Purified plasmids were checked by restriction digestion with EcoRI and XhoI (NEB).TEV protease was expressed from plasmid pRK793, a gift from David Waugh (Addgene plasmid number 8827) (69) . TEV protease and the pET28-MMAR_0039 expression construct [introduced into E. coli BL21(DE3) Star; Invitrogen] were expressed in 500 ml of autoinduction medium (70) supplemented with 100 g/ml kanamycin. Overnight cultures were diluted 1:100 into expression medium with 6 h of outgrowth at 37°C followed by growth for 24 h at 25°C. Cells were harvested by centrifugation, washed once in PBS, and stored at Ϫ80°C. Cells were suspended in 25 ml of lysis buffer , and 50 g/ml lysozyme (Sigma-Aldrich). Cells were disrupted by sonication on ice using a microtip sonicator (Branson Ultrasonics) in 2.5-s pulses at a 25% amplitude for 10 min. Lysate was incubated with 2 l universal nuclease (Pierce) for 30 min at room temperature and then clarified by centrifugation. The soluble fraction was batch incubated with 5 ml nickel-Sepharose resin (GE Healthcare, Little Chalfont, UK) for 2 h at 4°C. The resin mixture was poured into a PD-10 chromatography column, washed with 20 column volumes of buffer (20 mM HEPES, pH 7.0, 300 mM NaCl, 40 mM imidazole, 5% glycerol), and eluted in buffer with 400 mM imidazole.
For TEV protease, pooled elution fractions were polished by passage over 5 ml of amylose resin (NEB). The eluted protease was loaded into hydrated 7,000-molecular-weight-cutoff (MWCO) dialysis tubing (Pierce) and dialyzed in storage buffer [20 mM HEPES, pH 7.0, 300 mM NaCl, 100 mM (NH 3 ) 2 SO 4 (BDH), 5% glycerol] at 4°C overnight. Protease was concentrated by ultrafiltration in a 3,000-MWCO Amicon filter (Millipore), and glycerol was added to 50% for storage at Ϫ80°C.
For MMAR_0039, pooled elution fractions were mixed with 100 l of purified TEV protease and dialyzed as described above. The dialyzed product was batch incubated for 2 h with 5 ml nickelSepharose resin to remove the protease, uncut protein, and liberated tag. The resin mixture was loaded into an empty PD-10 column, and the supernatant was collected. The resin was washed with 2 column volumes of buffer. Flowthrough and wash fractions were pooled and concentrated using a 3,000-MWCO Amicon filter (Millipore), and glycerol was added to 50% for storage at Ϫ80°C.
Construction of the eccCb 1 expression plasmid. The M. marinum eccCb 1 gene was amplified from genomic DNA from the WT and cya::Tn strains [bearing eccCb 1 1(Oc)] and were introduced behind the constitutive mycobacterial optimal promoter (P MOP ) using the FastCloning approach (3, 67, 71) . The eccCb 1 gene was amplified using oligonucleotide primers ors193 (5=-ATTCAGGAGTCCAGCATGACTGCCG AACCTGAAGTACG-3=) and ors194 (5=-GCCTGAGCGGTCCCGCTAACCGGGGCTTGGGGGTG-3=). The pMMAR_0039 plasmid was amplified using oligonucleotide primers omr9 (5=-GCTGGACTCCTGAATTCTG TACGTAG-3=) and omr10 (5=-CGGGACCGCTCAGGCGTCCTC-3=), yielding a product that did not include the MMAR_0039 gene. The vector and insert products were mixed at a 1:1 ratio, using 15 l each, and treated with DpnI (NEB) to remove the template DNA, and half of the mixture was introduced into E. coli DH5␣ according to the FastCloning method (67) . The resulting colonies were selected on LB agar supplemented with hygromycin.
Construction of the readthrough reporter strains. lacZ reporter plasmids were constructed using the FastCloning method. lacZ was amplified from pGOAL19 and introduced into pMV261-Kan (72) behind the constitutive groEL promoter (P groEL ). The pMV261 vector was amplified using oligonucleotide primers oew169 (5=-GAGCCACCCGCAGTTCGAAAAATGACTAGTGCTTATCGATGTCGACGTAG-3=) and oew170 (5=-GTCGGGCACGTCGTACGGGTACATAATTCTGCAGCTGGATCCG-3=). The lacZ gene was amplified using oligonucleotide primers oew173 (5=-CCGTACGACGTGCCCGACTACGCTGATCCCGTCGTTTTACAAC-3=) and oew174 (5=-CGAACTGCGGGTGGCTCCATCCTTTTTGACACCAGACCAAC-3=). The constructs were introduced into E. coli DH5␣, and the resulting colonies were selected on LB agar supplemented with kanamycin. Insertion was confirmed by restriction digestion. The codon encoding Q18 (CAA) was then mutagenized to stop codons using the following oligonucleotide primers: for ochre (TAA), primers oew183 (5=-AACCCTGGCGTTACCTAACTTAATCGCCTTGC-3=) and oew184 (5=-GCAAGGCGATTAAGTTAGG TAACGCCAGGG-3=); for opal (TGA), primers oew185 (5=-ACCCTGGCGTTACCTGACTTAATCGCCTTGC-3=) and oew186 (5=-GCAAGGCGATTAAGTCAGGTAACGCCAGGG-3=), and for amber (TAG), primers oew187 (5=-ACCCTGGCGTTACCTAGCTTAATCGCCTTGC-3=) and oew188 (5=-GCAAGGCGATTAAGCTAGGTAACGCC AGGG-3=); mutagenized nucleotides are underlined and bolded. The constructs were introduced into E. coli DH5␣, and the resulting colonies were selected on LB agar supplemented with kanamycin. Mutagenesis was confirmed by DNA sequencing analysis with the oligonucleotide primer ogk24 (5=-GAGG AATCACTTCGCAATGG-3=). pMV261 and pEW201-204 were introduced into the M. marinum M, ΔMMAR_0039, and M/pMMAR_0039 strains by electroporation, and the strains were selected on 7H11 agar supplemented with kanamycin. The assay was performed in triplicate on two biological replicates. Error bars represent standard deviations.
Hemolysis assays. The sheep red blood cell (sRBC) lysis assays were performed exactly as described previously (17) . All of the readings were performed in triplicate. The number of biological replicates for each assay is presented in the relevant figure legend. The data presented here are representative of those from the biological replicates. The error bars represent standard deviations for triplicate readings. The statistical analysis for the hemolysis assay whose results are shown in Fig. 5 was performed using GraphPad Prism (v6) software. We performed an ordinary one-way ANOVA followed by Tukey's multiplecomparison test. The P values obtained by ANOVA are reported in the legend to Fig. 5 .
Esx-1 secretion assays. M. marinum strains were grown in Sauton's defined liquid medium to induce Esx-1 export exactly as described previously (17) . Whole-cell lysate (pellet [P]) and secreted protein (supernatant [S]) fractions were prepared, and the protein concentration was quantified exactly as previously described (17) . The presence of Esx-1 substrates in the culture supernatant was detected by Western blot analysis as described previously (17) with the following modifications. Fifteen micrograms each of the pellet and supernatant fractions was separated using a 4 to 20% Criterion or Mini-Protean TGX Tris-HCl precast polyacrylamide gel (Bio-Rad). Nitrocellulose membranes were incubated with antibodies against RNA polymerase subunit ␤ (RpoB; 1:5,000) and ESAT-6 (EsxA; 1:3,000; catalog number HYB 076-08-02; Thermo Fisher, Waltham, MA). The following reagents were obtained through BEI Resources, NIAID, NIH: polyclonal anti-Mycobacterium tuberculosis CFP-10 antibody (gene Rv3874; 1:5,000; antiserum, rabbit; catalog number NR-13801) and polyclonal anti-Mycobacterium tuberculosis Mpt32 antibody (FAP; gene Rv1860; 1:5,000; antiserum, rabbit; catalog number NR-13807). Secondary antibodies were used at the following concentrations: 1:5,000 horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin secondary antibody in 5% milk in 1ϫ PBS supplemented with 0.1% Tween 80 (PBST) for RpoB and EsxA and 1:5,000 HRP-conjugated goat anti-rabbit IgG secondary antibody in 5% milk in PBST for EsxB and Mpt32. All proteins were detected using chemiluminescence as described previously (49) . The number of biological replicates for each assay is presented in the relevant figure legend.
Protozoan strains and growth conditions. Acanthamoeba castellanii (Douglas) Page was acquired from the American Type Culture Collection (ATCC 30234). The amoebae were grown and maintained axenically exactly as described previously (31) .
Cytotoxicity assays. M. marinum strains were incubated with A. castellanii at an MOI of 10 as described previously (50) . Briefly, the M. marinum strains were incubated with the amoebae for 2 h at room temperature. The amoebae were washed three times with PBS, and peptone-yeast-glucose (PYG) medium was added. The infection mixture was incubated for an additional 24 h. The amoebae were stained using ethidium homodimer 1 (EthD-1; Invitrogen/Molecular Probes, Carlsbad, CA) and imaged using an AxioObserver inverted microscope (Zeiss, Oberkochen, Germany) as described previously (17) . To evaluate the number of dead amoeba cells, the number of red EthD-1-stained cells per field was counted. The number of red cells in 10 independent fields from each infection was counted, and the counts were averaged. The infection and counts were repeated on three biological replicates. The error bars represent standard deviations for the 10 fields.
Whole-genome sequencing. Genomic DNA was treated with 1ϫ Tris-EDTA RNase A solution and assessed for integrity by gel electrophoresis. The concentration was determined using a Qubit (v2.0) fluorimeter and high-sensitivity DNA assay (Life Technologies Corp., Carlsbad, CA). Libraries were constructed using a TruSeq Nano DNA LT library preparation kit following the manufacturer's reference guide (15041110D) for a 550-bp insert (Illumina, Inc., San Diego, CA). Briefly, 200 ng gDNA was fragmented, using a Covaris model S220 ultrasonicator (Covaris, Inc., Woburn, MA), to an average insert size of 550 bp. The resulting overhangs were end repaired, and the appropriate library size was selected using two rounds of selection by sample purification beads. DNA was 3= adenylated and then ligated with indexing adapters to prepare it for hybridization onto the flow cell. The final libraries were PCR amplified to enrich for properly ligated fragments. To calculate the final library concentration, the quantity and average fragment length for each library were measured using an Agilent Bioanalyzer DNA 7500 assay (Agilent Technologies, Santa Clara, CA) and the Qubit high-sensitivity DNA assay (Life Technologies Corp.). Libraries were normalized to 10 nM in buffer EB (Qiagen, Santa Clarita, CA) and combined in equal molar amounts. Sequencing was performed on an Illumina MiSeq platform (Illumina, Inc.) using a MiSeq reagent kit (v2) (500 cycles) according to the manufacturer's instructions. A total of 7.5 Gb of data was obtained using 251-bp paired-end reads.
WGS bioinformatics methods. Approximately 7.4 million reads per sample were obtained from 2 ϫ 250 paired-end sequencing on the Illumina MiSeq platform. Raw sequencing reads were assessed for quality using FastQC (v0.11.3) and trimmed to remove adapters and low-quality bases using Trimmomatic (v0.33) (17, 73, 74) . Specifically, bases with Phred scores that fell to less than 2 were removed, and reads that were shorter than 25 bp in length were discarded. Quality-controlled reads were then mapped to the M. marinum M reference genome (NCBI assembly GCA_000018345.1) using BWA (BurroughsWheeler aligner) mem (v0.7.12-r1044) with the -M option to mark short, gapped reads as secondary alignments and the -R option to add read groups (75) . Overall mapping rates were high, with all samples having at least 98% reads mapped. The SAMtools (v1.2) and Picardtools (v1.113, http://picard.source forge.net) programs were used to further process samples in preparation for variant calling using the GATK package (v3.5-0-g36282e4) (76, 77) . The faidx function of SAMtools was used to index the reference genome prior to the creation of a sequence dictionary by use of the Picardtools program. Further, the Picardtools program was used to coordinate sort the BWA mem output, mark duplicate reads, and index the sorted, deduplicated alignment files. Variant calling was performed using GATK and was executed in three steps: generation of a target intervals list, indel realignment, and variant calling using the haplotype caller. Positive variant calls from GATK were identified using a Phred-scaled quality threshold of at least 30 and omitting calls below 10. Vcflib's vcffilter (v1.0.0) function was used to further filter variant calls to have a read depth coverage of at least 9 times. Finally, the SnpEff (v4.1) program was utilized to predict the effect of the variant within the surrounding genomic context (78) .
Whole-genome sequencing results were confirmed at the Genomics and Bioinformatics Core Facility at the University of Notre Dame using Sanger sequencing. The genomic region surrounding the predicted mutation, as annotated in the MycoBrowser portal, was amplified, purified, and sequenced for the following genes using their respective oligonucleotide primers: eccCb 1 Proteomics. Mass spectrometry proteomics analysis of EccCb 1 nonsense suppression was performed essentially as described previously (17) . Briefly, parallel 50-g aliquots of whole-cell lysates of the WT, MMAR_0039::Tn, or suppressor (supA1) strain were reduced with dithiothreitol, alkylated with iodoacetamide (Sigma-Aldrich), and digested with trypsin or GluC (Promega, Madison, WI) overnight at a protein/protease ratio of 50:1. Digests were quenched with formic acid and desalted using C 18 spin columns (Protea, Morgantown, WV) according to the manufacturer's instructions. Samples were resuspended to 500 ng/l in 0.3% formic acid, and 2 l (1 g) was injected onto a C 18 BEH column (100 mm by 100 m) running at 800 nl/min using a Waters nanoAcquity system (Billerica, MA). A 90-min gradient from 2 to 35% B was performed (mobile phase A was water with 0.1% formic acid, mobile phase B was acetonitrile with 0.1% formic acid) (Burdick and Jackson, Hopewell, NJ), and MS and MS/MS were performed on an QExactive Orbitrap instrument (Thermo Fisher Scientific, San Jose, CA) running a data-dependent TOP20 method (17, 79) . RAW files were converted to.mgf peak lists using Proteome Discover software (v1.4; Thermo Fisher Scientific). Paragon/Protein Pilot software (AB Sciex, Redwood City, CA) was used for spectral database matching, and a search against a current M. marinum genome FASTA file comingled with a contaminant file was performed. False discovery rates (FDRs) were calculated using target decoy methods (38) . In the WT lysate, 2,013 proteins were identified at a 1% FDR. The expected local false discovery rate for the EccCb 1 protein itself (the 480th protein N) was Ͻ0.012%. EccCb 1 peptides were extracted from the search results, and matched peptides were plotted as a histogram against the full-length sequence. Samples were normalized to common abundant cellular proteins as a control for load/digestion amounts as previously described (14) . For the WT and suppressor strains, protein identification reports demonstrating peptides identified C terminal to the stop codon are included as data files in the supplemental material. These include all relevant search parameters and the associated metadata. The EccCb 1 protein itself is highlighted in the worksheets. At least three technical duplicates were analyzed for each sample; peak lists were concatenated for the search.
Construction of virtual readthrough proteomics library. The sequence of the complete Mycobacterium marinum M strain genome was downloaded from NCBI (GenBank accession number NC_010612) in the annotated GenBank and unannotated FASTA formats. Header information was extracted from the GenBank file and parsed using the UNIX command-line tools grep and sed to produce lists of locus tags and stop codon locations for both the forward and reverse strands. Using custom Python scripts, stop codons plus the 150 downstream bases were extracted into FASTA format files, with separate scripts being used for the forward and reverse directions. Sequences from the reverse strand were reverse complemented by use of the Python script. Sequence files for the forward and reverse directions were concatenated into a single file using command line tools. Using a custom Python script, DNA sequences were translated to their corresponding amino acid sequences, with the three stop codons (TAA, TGA, TAG) being represented by three nonletter characters (*, #, and &, respectively), and the results were output to a new FASTA file. Files for the database population were generated from this file using the find-and-replace commands of the Notepadϩϩ text editor (https://notepad-plus-plus.org/) to replace stop codon characters with candidate readthrough residues. The resultant format for the FASTA file is identical to that for standard FASTA files used for a proteomics search, with the exception of the altered residue at the stop codon and the presence of 50 additional amino acids. In this manner, use of the new concatenated M. marinum FASTA file to search the proteomics LC-MS/MS data sets as described above allows the identification of novel peptides present as concatenated sequences translated from the 3= UTRs. In some cases (e.g., esxA and esxB), the 3= UTR extends into the initiator Met residue of the downstream gene. In these cases, the overlapping peptides are identified twice, as a C-terminal peptide in one protein and the N-terminal peptides in the next one. These are flagged as artificial proteoforms in the Paragon search engine and are readily distinguished from empirical readthrough events, which would contain novel polypeptides from the 3= UTR.
␤-Galactosidase assays. Strains with pMV261 and pEW201-204 were grown in 7H9 medium supplemented with kanamycin and then diluted to an OD 600 of 0.2 in 50 ml Sauton's defined liquid broth supplemented with 0.01% Tween 80 in the presence and absence of kanamycin. After 48 h, cells were collected from 2 ml of culture and resuspended in 0.5 ml 1ϫ Z buffer (60 . Samples were lysed using a minibeadbeater with 0.1-mm-diameter zirconia-silica beads for 3 rounds of 30 s each. The lysate was clarified, and 100 l was transferred to a 96-well plate in triplicate. For strains with pEW201, 10 l of sample was diluted with 90 l Z buffer to avoid saturating the reaction mixture. Twenty-five microliters of 10 mg/ml o-nitrophenyl-␤-D-galactopyranoside (ONPG; Amresco) in Z buffer was added and the components of the mixture were mixed. The reaction was allowed to progress for 45 min. One hundred twenty-five microliters of 1 M Na 2 CO 3 (Fisher Scientific) was added to stop the reaction. The plate was read at 420 nm on a SpectraMax M5 plate reader (Molecular Devices) and analyzed using SoftMax Pro (v5) software (Molecular Devices). The ␤-galactosidase assay was modified from Zhang and Bremer (80) . Miller units were calculated using the formula A 420 /(t ϫ V ϫ A 600 ), where t is time and V is the volume of culture assayed.
RNA preparation and analysis. (i) Total RNA extraction. Total RNA was extracted from M. marinum cells grown in Sauton's liquid medium for 48 h using an RNeasy minikit (Qiagen) exactly as described previously (17) .
(ii) qRT-PCR. One microgram of the RNA was treated with RNase-free DNase I (Novagen, San Diego, CA) according to the manufacturer's instructions. cDNA from treated RNA was generated using SuperScript II reverse transcriptase (Invitrogen) and random hexamers (IDT). To measure the transcript levels of ppsE and drrB, 250 ng of cDNA and SYBR Select master mix (Applied Biosystems, Carlsbad, CA) were used in each RT-PCR mixture, and the thermocycling conditions were the same as those previously described (17) . The transcripts levels of the ppsE (primers ofm226 [5=-CTCTCCCAGTGGCTATCTGC-3=] and ofm227 [5=-CTCAGGCAGGCTAGGTGAAC-3=]), drrB (primers ofm230 [5=-GATCGGCTTCCACTTCAATC-3=] and ofm231 [5=-AAAGATCAAGATGGGCAACG-3=]), and ppsA (primers ppsA-For [5=-CCGAGATGTTCGTGG GTATC-3=] and ppsA-Rev [5=-GGGAGCAGTGAAGACGACTC-3=]) genes were measured using the indicated oligonucleotide primers and were normalized to the transcript levels of sigA (determined with primers sigA-F [5=-TCGAGGTGATCAACAAGCTG-3=] and sigA-R [5=-TGGATCTCCAGCACCTTCTC-3=]). The qRT-PCR analysis was performed on two biological replicates each with two technical replicates. Statistical analysis was performed using GraphPad Prism (v6) software. For the qRT-PCR data, we applied an ordinary one-way ANOVA test followed by a Dunnett's multiple-comparison test. The P values for each analysis are provided in the appropriate figure legends.
Extraction and visualization of M. marinum lipids. Mycobacterium marinum cultures were diluted to an OD 600 of 0.1 and grown for 72 h in 7H9 medium supplemented with 0.1% Tween 80. Cells were collected by centrifugation, and the resulting cell pellet was washed four times in PBS. The total lipid preparation was prepared exactly as described by Cox et al. (23) and Folch et al. (81) . The resulting lipids were dried under a nitrogen stream (Barloworld Scientific, New York) and dissolved in chloroformmethanol (2:1; Millipore, Billerica, MA).
For analysis of PDIM lipids, 6 l of each M. marinum lipid sample was resolved on a 12-cm by 9-cm TLC silica gel 60 plate (Merck KGaA, Darmstadt, Germany) using low-boiling-point petroleum ether-ethyl acetate (50:1; Fisher Scientific) for ϳ28 min (82) . The following reagent was obtained through BEI Resources, NIAID, NIH: Mycobacterium tuberculosis strain H37Rv purified phthiocerol dimycocerosate (PDIM; catalog number NR-20328). Purified PDIM (1.5 l) was used as a positive control. PDIM was visualized by spraying the plate with phosphomolybdic acid (Sigma-Aldrich, St. Louis, MO) and heating for 5 min.
For analysis of PGL lipids, 15 l of each M. marinum lipid sample was resolved on a 12-cm by 9-cm TLC silica gel 60 plate using chloroform-methanol (96:4) solvent for ϳ35 min. PGLs were visualized by spraying the plate with 1% (wt/vol) ␣-naphthol (Acros Organics, Geel, Belgium) prepared in 95% ethanol and 5% sulfuric acid and heating for 5 min (26) .
Retention factors (R f s) were calculated as follows: R f ϭ a/b, where a is the distance between the origin and the middle of the spot on the TLC plate and b is the distance between the origin and the solvent front. The R f values are listed in the legend to Fig. 6 . Lipid extraction and TLC analysis were performed on three independent biological replicates for PDIM and two independent biological replicates for PGL. The contrast on each of the representative plates was reduced by 20%.
Ethidium bromide uptake assay. Cell permeability was measured as described in Mycobacteria Protocols (83) . M. marinum strains were grown in 7H9 medium until mid-log phase. Cells were harvested by centrifugation, and the pelleted cells were washed twice with 1ϫ PBS supplemented with 0.05% Tween 80 and resuspended in 1 ml PBS supplemented with 0.05% Tween 80. The OD 600 of the suspended cells was determined and adjusted to 0.8. Glucose was added to the suspended bacteria to a final concentration of 0.4%. One hundred microliters of 1 g/ml ethidium bromide (Bio-Rad) in PBS supplemented with 0.05% Tween 80 and 0.4% glucose was added to a 96-well plate. One hundred microliters of the suspended bacteria was added to the wells in triplicate to yield a final volume of 200 l. The plate was incubated at 37°C for 30 min. Ethidium uptake was measured by fluorescence using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA) with excitation and emission wavelengths of 530 nm and 590 nm, respectively. The assay was performed on six independent biological replicates.
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